The mechanism of action of adrenaline on cardiac contractility in rat papillary muscles containing V, and V 3 isomyosins was analyzed during barium-activated contractures at 25° C by frequency domain analysis using pseudo-random binary noise-modulated perturbations. The analysis characterizes a frequency (f min ) at which dynamic stiffness of a muscle is a minimum, a parameter that reflects the rate of cycling of crossbridges. We have previously shown that f mi n for V,-and V 3 -containing papillary muscles were 2.1 ±0.2 Hz (mean±SD) (n=10) and 1.1 ±0.2 Hz (JI = 8), respectively, and that these values were independent of the level of activation. The present study's goal was to determine whether the inotropic action of adrenaline was associated with an increased rate of crossbridge cycling. The results show that a saturating dose of adrenaline increased f mi n in V, hearts by 49 ±2% (n= 11). The action on V 3 hearts was significantly less; the increase in f mi n was 26 ±2% (n = 6). The increase in f mi n for V, hearts was shown to be sensitive to the ^-blocking agent propranolol. These results suggest that adrenaline significantly increases the rate of crossbridge cycling by a (3-receptor-mediated mechanism. We conclude that the increased contractility of the heart in the presence of adrenaline arises not only from more complete activation of the contractile proteins but also from the increased rate at which each crossbridge can transduce energy. {Circulation Research 1988;62:452-461)
C ontractility of the myocardium is regulated by phasic and tonic mechanisms. The inotropic response of the heart to adrenergic stimulation is an important component of the phasic mechanisms regulating cardiac contractility. The mechanical manifestations of this inotropic state in vitro have been well known since the pioneering work of Sonnenblick and are characterized by a general enhancement in the dynamics of contraction: increased maximal speed of shortening (V max ), increased rate of rise of isometric tension, increased peak twitch tension, and decreased time to peak (FTP) tension and time to half relaxation
The enhanced mechanical responses of the heart to adrenergic stimulation is generally regarded to be satisfactorily explained by an increase in the number of crossbridges activated following cardiac muscle excitation as a result of the altered calcium dynamics. 67 There is a second mode of response, which can lead to a further increase in energy transduction rate during positive inotropism; this is an increase in the rate of crossbridge cycling. This parameter, together with the number of activated crossbridges, determine the rate of hydrolysis of adenosine triphosphate (ATP) and, hence, energy transduction rate during muscle contraction. As outlined below, changes in crossbridge cycling rate have been established as an important element in the tonic regulation of cardiac contractility. The possibility that the rate of crossbridge cycling may play a role in phasic regulation of the myocardium has received little attention, though Rolett 5 had speculated on its importance.
Variations in the rate of crossbridge cycling occur in the tonic regulation of cardiac contractility; they are mediated by changes in cardiac isomyosin composition. There are two cardiac myosin heavy chain genes, 8 -9 the products of which associate to form three isomyosins: V,, V 2 , and V 3 . These isomyosins differ in kinetic properties. Hyperthyroidism is associated with the expression of heavy chain a and the suppression of heavy chain 3, 10 resulting in V,, which has a twofold higher actin-activated myosin magnesium-adenosine triphosphatase (MgATPase) activity relative to V 3 (which is found in the hypothyroid state 11 ). V, papillary muscles are associated with both a higher rate of liberation of tension-dependent heat during isometric contraction 12 and a twofold higher rate of crossbridge cycling as measured by perturbation analysis compared with V 3 muscle. 1314 Thus, variation of crossbridge cycling rate can be achieved by changing the myosin isoform. This change occurs not only in altered thyroid states but also in a wide range of physiological and pathological situations, including cardiac overload, 15 diabetes, 16 partial starvation, 17 dietary manipulation, 18 exercise, 19 and thermal adaptation. 20 This study addresses the question of whether crossbridge cycling rate may be altered acutely during adrenergic stimulation. The method used to probe crossbridge cycling rate is perturbation analysis, which is capable of resolving the contribution to contractility of the rate of crossbridge cycling from that of the number of crossbridges acting. The common implementation of this technique is with sinusoidal length changes. The ratio of the force response to the applied length change (dynamic stiffness) and the phase relation between the input length and output force are plotted as functions of frequency. These frequencyresponse plots of active muscle reveal characteristic changes in stiffness and phase at certain frequencies.
It is well established that dynamic stiffness and phase parameters so obtained reflect crossbridge cycling rate. 21 " 24 For this study, pseudo-random binary noise (PRBN)-modulated length perturbation was used to obtain the frequency-response plots. PRBN length modulations were chosen because they are more time-efficient than sinusoidal length changes used by the above investigators. 1314 In the present study, whether adrenaline-induced cardiac inotropy is associated with an increase in the rate of crossbridge cycling is examined. Rat papillary muscles containing V, and V 3 isomyosins were used, and it will be shown that adrenaline does induce 50% and 25% increases, respectively, in the rate of crossbridge cycling in these muscles.
Materials and Methods

Muscle Preparation
The experiments were carried out on papillary muscles taken from the right ventricle of Sprague-Dawley rats. Heart tissue rich in V, isomyosin was obtained from 3-5-week-old rats, while heart tissue rich in V 3 isomyosin was obtained from mature rats that had been thyroidectomized and treated with propylthiouracil. 25 The rats were killed by decapitation, and the heart was immediately removed and placed in standard solution kept at 25° C. A long, thin papillary muscle was selected from the right ventricle. The muscle was tied to the two arms of a 1-g scissors spring to ensure that it would not undergo free shortening on removal from the heart. The muscle, together with the spring, was dissected from the heart by cutting the tendon at one end and removing a portion of the ventricular wall at the other end. The muscle was placed for 2-3 minutes in calcium-free solution to avoid contracture on removal from the spring and then it was mounted horizontally between a small stainless steel loop (1-mm diameter) attached to the arm of the length driver and a hook that was attached to the strain gauge. The muscle was passed through the loop, with the portion of ventricular wall acting as stop, and the tendon was draped over the hook. Adhesion to loop and hook was achieved with glue made from cellulose acetate dissolved in acetone.
Solutions
The standard solution used was a modified Krebs-Henseleit solution with the following composition (mM): NaCl 120, KC1 4.69, CaCl 2 1.5,'MgCl 2 0.54, KH 2 PO 4 1.02, NaHCO 3 25, and dextrose 10. This composition was further modified to obtain the following solutions: 1) calcium-free solution, CaCl 2 was omitted; 2) barium contracture solution, CaCl 2 was replaced by 0.5 mM BaCl 2 ; and 3) relaxing solution, 1.5 mM CaCl 2 was replaced by 5 mM CaCl 2 . All solutions were kept at pH 7.4 by continuous bubbling with 95% O 2 -5% CO 2 . The composition of the relaxing solution deserves comment: This solution was used to induce relaxation from barium contracture in intact papillary muscle by displacing barium with calcium. The higher calcium concentration led to a more rapid relaxation compared with standard solution. Stock solutions of adrenaline and propranolol were ready preparations of 1 mg/ml in sterile physiological saline obtained from Sigma Chemical, St. Louis, Missouri, and ICI Australia, Melbourne, Australia, respectively.
Mechanical Apparatus and Temperature Control
Perturbation of muscle length was achieved by means of an electromagnetic vibrator (Ling Dynamics System, Royston, England) driven by a servo loop amplifier with optical feedback. The signal from the optical sensor, once calibrated, was used for measuring displacement. 26 Muscle force was measured by one of two strain gauges: a piezoresistive strain gauge (model 801, Akers, Horten, Norway) for small muscle preparations and another that was manufactured by mounting two strain gauges (model KSP-3-F2-11, Kyowa Electronics Instruments, Tokyo) onto a stainless-steel cantilever. The vibrator and force gauge were fixed onto separate steel plates, vibrationally isolated from each other and from the experimental table. The first amplification stage for both tension transducers was achieved by means of a low-noise transducer amplifier (model AD610L, Analog Devices, Boston, Massachusetts). For a bandwidth of 10 kHz, the Akers tension transducer had a peak-to-peak noise equivalent of 1 (JLN, while the Kyowa transducer's value was 5 |xN. The unloaded resonant frequency, in air, of the Akers and Kyowa gauges was 4 and 1.3 kHz, respectively. With the Akers gauge, the compliance of the apparatus was approximately 3 mm/N, while with the Kyowa gauge, the value was approximately 0.1 mm/N. The peak-topeak noise equivalent in the displacement signal was 0.06 \im.
The muscle bath was a rectangular prism cut from a solid aluminum block. Holes were drilled into one end wall to accommodate the platinum wire electrodes and a thermistor (model YSI 44011, Yellow Springs Instruments, Yellow Springs, Ohio). A small diameter tube was attached to the other end wall for continuous carbogenation of the bathing solution. Turbulence in the bath was reduced by the use of a baffle. The capacity of the bath was 7.0 ml.
Temperature control of the muscle bath was achieved by means of a Peltier device (model 801-2001-01, Cambion, Comatsu Electronics, Tokyo) and a proportional feedback controller, the feedback signal being obtained from the above-mentioned thermistors. A miniature temperature probe (model AD590MF, Analog Devices) was located in the muscle bath to provide an independent, continuous temperature readout. All experiments were carried out at 25° C.
Electrical Stimulation
Electrical stimulation was achieved via platinum wire electrodes located 5 mm on either side of the muscle. The rectangular stimulating pulses had a strength of 40 V and a width of 2 msec. At 25° C, pulse frequency was 12 pulses/min.
Computer Control and Data Analysis
The signal used to perturb the length of the muscle was software generated and was introduced to the muscle via digital/analog conversion and the length driver. The length signal, as seen by the optical sensor, together with the resulting force response of the muscle, as seen by the strain gauge, were passed back to the control computer (model 1000E, Hewlett-Packard, Computer Systems Division, Cupertino, California) via analog/digital conversion and stored on hard disk. When all the required dynamic lengthtension records had been collected, the data files were processed by means of Fast Fourier Transforms to yield dynamic stiffness and phase values. The data was smoothed using a three-point convolution procedure and displayed on a digital plotter (model 7225A, Hewlett-Packard). The signal used to perturb the length of the muscle was PRBN. The required duration of perturbation of the muscle to yield dynamic stiffness and phase values, at 350 frequencies in the range 0.1-17 Hz, was 40 seconds, the first 20 seconds of which ensured that the muscle had attained sinusoidal steady state. For all results reported here, PRBN length perturbation was used that consisted of a PRBN sequence of 511 elements clocked out at a rate of 40 msec per element. The amplitude of the signal was tailored to the length of the particular muscle preparation. A detailed description of this signal and the associated data analysis are given in a previous paper."
The shape of the dynamic stiffness and phase plots obtained by means of small-amplitude PRBN length perturbation agree with those obtained when using small-amplitude sinusoidal length perturbation. 13 The plots displayed a characteristic minimum in stiffness and accompanying mini-max feature in phase response ( Figure 4B ). They are in agreement with plots obtained by other investigators who used sinusoids for perturbing muscle lengths. 272 * The frequency at which dynamic stiffness is minimum, termed f^, corresponds to the point of inflection in the rising part of the phase curve.
Experimental Protocols
After mounting, the muscle was stretched by 30% of its rest length to the operating length (L o ), and the calcium-free solution was replaced with standard solution. The muscle was electrically stimulated every 5 seconds, and the isometric twitch was displayed on a digitizing oscilloscope (model 5223, Tektronix) and a chart recorder (model 7402A, Hewlett-Packard). The effects of adrenaline on isometric twitches and on f m i n were done on different papillary preparations.
Effect of Adrenaline on Twitch
When the twitch profile had stabilized, it was recorded by means of a Polaroid oscilloscope camera (model C59A, Tektronix) and was taken as the control response. Adrenaline, in the range of 0.1-100 \)M, was added to the standard solution in the muscle bath, and the time course of its effect on the twitch profile was recorded using the Polaroid camera. The drug volume added never exceeded 2% of the bath volume.
Effect of Adrenaline on fÂ
fter the twitch had stabilized in standard solution, the muscle was washed in several changes of calciumfree solution until the twitch force had become negligibly small. 14 -29 The calcium-free solution was then replaced by the barium contracture solution; when the contracture tension had stabilized, the control computer was enabled, and dynamic length and tension signals were recorded. This record formed the control response. Adrenaline was added as described above followed by mechanical perturbation analysis to monitor the time course of the effect of adrenaline on f mh .
Effect of Adrenaline on Twitch and f^ in Presence of Propranolol
The above procedures were followed except that the muscle was allowed to equilibrate for 10 minutes in the presence of propranolol (3 u-g/ml) prior to the addition of adrenaline. Figure 1 shows the time course of the effect of adrenaline (0.3 u,M) on the isometric twitch profile of a V,-type papillary muscle. The photograph shows the control response without adrenaline and the responses at 2, 3'/2, 5, and 6V2 minutes subsequent to the addition of adrenaline. Consistent with welldocumented results, the twitch force increased relative to the control and was accompanied by a decrease in TTP and TT'/iR. The effect of adrenaline on TTP and TT'/iR were seen to be complete within about 5 minutes. The dose-response curves of TTP and TTViR are shown in Figure 2 , and these parameters can be seen to be most sensitive to doses of adrenaline up to 0.1 u,M.
Results
Effect of Adrenaline on Isometric Twitch
Effect of Adrenaline on fÎ
ntact papillary muscles developed active tension when standard solution was replaced by activating solution containing Ba 2+ , as described above. The time course of the contracture tension, evoked by Ba 2+ with applied length perturbations and the resulting dynamic perturbations of muscle force, are shown in Figure 3 . In contrast to the well-documented potentiating effect of adrenaline on isometric twitch tension, no welldefined effect of adrenaline was seen on the Ba 2+induced contracture tension.
Analysis of the PRBN length changes and the resulting tension transients ( Figure 4A ) gives rise to the characteristic dynamic stiffness and phase data shown in Figure 4B , namely a minimum in dynamic stiffness accompanied by a mini-max feature in the phase response. u -riJi The frequency at which dynamic stiffness is minimum, termed f^, corresponds to the point of inflection in the rising part of the phase curve. Figure  4B shows that the effect of adding adrenaline to a V, muscle is to shift the dynamic stiffness and phase curves to higher frequencies indicating that adrenaline initiated an increase in crossbridge dynamics. un -24 Figure 2 shows that the adrenaline effect on fŝ aturates at 0.1 LLM similar to the isometric twitch parameters TTP and TTV^R. The effect of adrenaline on dynamic stiffness and phase of a V 3 -type papillary muscle, shown in Figure  4C , was qualitatively similar to that on V,-type muscle. However, the maximum effect of adrenaline on the fô f V,-and V 3 -type muscles was found to be different. This is summarized in Table 1 , which shows that the steady-state shift in f^ corresponding to doses in adrenaline exceeding 0.1 LLM was 50% and 25%, respectively, in V,-and V 3 -type muscles. 
Effect of Adrenaline on Twitch and f min in Presence of Propranolol
When propranolol (3 |xg/ml) was added to the standard solution for twitch experiments or to Ba 2+activating solution for perturbation analysis, the rate effect of adrenaline on isometric twitch and on f m i n was blocked ( Figures 5A and 5B ).
Discussion
Problem of Detecting Changes in Crossbridge Cycling Rate in Cardiac Muscle Using Time Domain Analysis
Previous methods of analyzing the action of adrenaline on cardiac contractility have been exclusively in the time domain, in which tension or displacement was studied as a function of time during isometric and isotonic contractions. Many mechanical parameters derived from time domain methods of analysis are sensitive to both the number of active crossbridges and the rate at which they cycle (e.g., V,^) and the rate of rise of tension. In the case of skeletal muscles, V is a well-defined, intrinsic property of the contractile machinery that does reflect crossbridge cycling rate. Differences in V max between skeletal muscles are correlated with differences in ac- tomyosin ATPase activity, 30 -31 consistent with differences in rates of crossbridge cycling. This is not necessarily the case in cardiac muscle because of the complex nature of cardiac mechanics. 32 " 34 In contrast to skeletal muscle, cardiac muscle has significant internal load, 35 so that the maximal velocity of contraction obtained by extrapolation of force-velocity data to zero load underestimates V max , the true velocity of unloaded shortening. The apparent V,^ of a given cardiac muscle preparation is not an intrinsic property of the muscle but is a complex function of many variables, including muscle length, 36 time after onset of contraction, 37 frequency of stimulation, 2 extracellular calcium ion concentration, 38 and the presence of inotropic agents, including catecholamines 3 and digitalis. 39 Thus, the apparent V,^ of a cardiac muscle is sensitive to both the rate of crossbridge cycling and the number of active crossbridges, and the observed increase in V,,^ during adrenergicalry induced inotropy cannot be interpreted as an increase in crossbridge cycling rate.
Perturbation Analysis of Cardiac Muscle Mechanics
Perturbation analysis in the frequency domain using single sinusoidal frequencies has been applied to cardiac muscle during contractures induced by barium or potassium ions. 27 ' 29 These studies have shown the applicability of frequency domain analysis to cardiac muscle; the dynamic stiffness properties of this tissue were found to be essentially similar to those of insect flight muscle or mammalian skeletal muscle, but the full potential of these methods to reveal differences in crossbridge cycling rate in cardiac muscle under different physiological states has hitherto not been exploited. More recently, PRBN-modulated length perturbations 13 were used to analyze the mechanical properties of rat papillary muscles containing V, and V 3 isoforms of the cardiac myosin. Perturbation analysis revealed that papillary muscles with either type of myosin had qualitatively the same dynamic stiffness features and that the dynamic stiffness plot for V, muscle compared with that for V 3 muscle was shifted in the direction of higher frequency. Taking f min , the frequency at which dynamic stiffness was a minimum as an index of crossbridge cycling rate, we showed that crossbridges in V, muscle cycle twice as fast as those in V 3 muscle, 14 consistent with their known difference in actin-activated ATPase activity and rate of heat liberation (see beginning of this study).
Of considerable relevance to the present discussion was the finding that when skinned papillary muscles were activated by calcium or barium ions to levels exceeding 30% of maximum tension, f m i n was independent of the level of activation. 14 Thus, the analysis of f m j n provides a sensitive probe for detecting changes in crossbridge cycling rate in cardiac muscle uncomplicated by changes in the number of active crossbridges.
Adrenaline Increases Rate of Crossbridge Cycling
The results of the present study clearly show that the application of adrenaline to a cardiac papillary muscle in barium contracture was followed, within a few minutes, by a significant increase in f min . This shift in f m j n was independent of any adrenergic influence on cytosolic calcium, since observations were made on muscles during contracture induced by barium ions and the parameter measured has previously been shown to be independent of the level of activator (calcium or barium). 14 In view of earlier work showing a twofold difference in f m i n associated with the two kinetically different isoforms of cardiac myosin, the present results may be interpreted as an increase in the rate of crossbridge cycling due to stimulation of (3-receptors by adrenaline.
Contractility of cardiac muscle may be considered to be determined by both the number of active crossbridges and the rate at which they cycle; the product of these two parameters uniquely describes the rate of turnover of ATP. An increase in the number of active crossbridges would be reflected mechanically by an increase in isometric force output. During an isotonic contraction, an increase in the number of active crossbridges would lead to an increase in mechanical power output because power is the product of force and velocity. An increase in the rate of crossbridge cycling may not lead to an increase in isometric force but could contribute to the rate of rise of isometric force. During an isotonic contraction, an increase in the rate of crossbridge cycling would be reflected in an increase in speed and power output, even in the absence of any change in force output.
Our results suggest that during adrenergic inotropy, in addition to the well-known role of crossbridge recruitment, 67 crossbridge cycling rate was enhanced by as much as 25-50%. Furthermore, this enhancement in crossbridge cycling rate observed during a steady contracture was not associated with increased force output. In view of the discussion in the preceding paragraph, the adrenergically mediated increase in crossbridge cycling rate would per se have enhanced cardiac muscle power output by as much as 25-50% during an isotonic contraction or a normal heart beat. This increase in muscle power output is over and above the adrenergically mediated increase in power output associated with enhanced crossbridge recruitment.
The shift in f,^ was completely blocked by the P-adrenergic receptor blocker propranolol. Thus, it may be concluded that adrenergic action was mediated by (3-receptors. Although a-adrenergic receptors also play a role in adrenaline-induced inotropy in the rat, 40 our data imply that a-adrenergic receptors, which are not blocked by propranolol, do not play any role in increasing f^ and that aadrenergically mediated cardiac inotropy at most involves only an increase in the number of activated crossbridges. The adrenaline-induced residual force increment seen in muscles pretreated with propranolol ( Figure 5A ) was most likely due to the otadrenergic mechanism.
Our data further show that this p-adrenergic influence on crossbridge cycling rate correlated with the nature of the isomyosin, the increase in crossbridge cycling rate with V, heart being about 50% while for V 3 heart it was about half of this amount. The reason for this difference in maximal response of hearts with different isomyosins is not clear at present. One possibility is that adrenaline produces a greater elevation of intracellular cyclic adenosine 3',5'monophosphate (cAMP) in V,-type hearts than in V 3 -type hearts. Alternatively, the difference in the magnitude of the response may be due to the properties of the myosin isoforms themselves. Whatever the mechanism may be, the observed difference in the magnitude of the enhanced crossbridge cycling rate would certainly be a contributing factor for the reduced p-adrenergically mediated increase in contractility in hypothyroid compared with euthyroid animals. 4142 Reduced responsiveness to p-adrenergic stimulation has also been observed in hypertensive rats. 43 Although a small reduction in p-receptor density has been demonstrated in hypertensive rats compared with controls, 43 the predominance of V 3 in hypertensive rats 15 may also be a significant factor in the observed reduction of p-adrenergicalry mediated inotropic responsiveness in these animals.
Our finding that p-adrenergic stimulation enhances the rate of crossbridge cycling is of interest in relation to the reports of Winegrad and coworkers, 44 -45 which state that cAMP stimulates actomyosin ATPase activity of cardiac myosins as measured on cryostat sections. This stimulation is specific for V, myosin, while V 3 myosin activity appears to be inhibited. Although these authors interpreted their results in terms of a recruitment of more active crossbridges, the method of analysis they used could not resolve an increase in rates of crossbridge cycling from an increase in the number of active crossbridges. The isomyosin specificity of the effects of cAMP on actomyosin ATPase reported by these authors is reminiscent of the difference in maximal f m i n response to p-adrenergic stimulation on V,-and V 3 -type hearts.
It is clearly possible that the observations reported by Winegrad and coworkers and those reported in the present study are different manifestations of the same phenomenon, but further work is needed to establish this relation.
Energetic and Metabolic Consequences of Enhanced Crossbridge Cycling Rate
Adrenaline-induced increase in crossbridge cycling rate in cardiac muscle is expected to be accompanied by significant energetic and metabolic consequences. Total cardiac metabolism measured in the form of heat output can be divided into resting and active components; the latter can be further subdivided by a number of different techniques into tension-independent activation heat and tension-dependent heat due to crossbridge cycling. 46 The validity of the assignment of tension-dependent heat to crossbridge cycling is supported by the fact that tension-dependent heat can be correlated with different isomyosins. Tensiondependent heat produced during isometric contraction, normalized against peak tension, is higher in V, hearts than in V 3 hearts. 12 -47 When tension-dependent heat is normalized against the tension-time integral, the difference in tension-dependent heat between hearts with the two different types of myosin having a twofold difference in crossbridge cycling is even more obvious, the value for V, heart being 1.7 times that for V 3 heart. 47 It is, therefore, of considerable interest that a small but significant increase in slope of the heat-stress relation was indeed observed in rabbit papillary muscle in response to P-adrenergic stimulation. 48 When tensiondependent heat is normalized against the tension-time integral, p-adrenergic stimulation increased tensiondependent heat by about 50%. 4<M9 These observations show that under p-adrenergic stimulation, the energy cost per unit tension-time integral (i.e., the cost of tension maintenance) is increased, consistent with increased crossbridge cycling rate.
When cardiac oxygen consumption of whole hearts is plotted against tension-time integral, the slope of this relation gives the oxygen consumption per unit tensiontime integral and should reflect the crossbridge cycling rate. 46 Using modified heart-lung preparations, it has been shown that this slope was increased by 32% in hearts rich in V, after p-adrenergic stimulation while V 3 -rich hearts showed little change. 50 This result is again consistent with the concept that p-adrenergic stimulation increases the rate of cycling of crossbridges and suggests that different isoforms of myosin may influence the magnitude of the increase in oxygen consumption due to p-adrenergic stimulation, as expected from our data. However, it is not clear why no increase was observed in V 3 hearts in this study.
Functional Significance of Enhanced Crossbridge Cycling Rate in Adrenergically Induced Inotropy
It is functionally appropriate that crossbridge cycling rate be increased during catecholamine-induced inotropy. The chronotropic effect of catecholamines reduces the time available for the card iac cycle. The heart is called on in this situation not only to do more work but to achieve this work in less time. An enhanced crossbridge cycling rate per se would achieve this. However, it is widely held that the p-adrenergically mediated inotropic changes are mediated solely by adrenergic influence on the kinetics of calcium movement and the sensitivity of the regulatory proteins to calcium ions. 6 -7 These changes per se, as discussed above, have no action on crossbridge cycling rate.
Adrenaline induces both an enhanced rate of rise of tension as well as an enhanced rate of relaxation during an isometric twitch. The increased rate of rise of isometric tension has been attributed to a more rapid rate of rise of intracellular calcium ion concentration, which has been demonstrated using the calciumsensitive protein aequorin." However, the importance of this enhanced calcium transient in raising the rate of rise of tension is dampened by the fact that ^-ad^energic stimulation reduces the sensitivity of the regulatory proteins to calcium ions through the phosphorylation of troponin-I. 52 " 54 It should also be pointed out that the rate of rise of isometric tension during a twitch may also depend on the rate of attachment of crossbridges. 55 The rate of rise of isometric tension is inversely proportional to the TTP tension. In skeletal muscles, it has been shown that the reciprocal of the TTP tension is proportional to the intrinsic speed of shortening, 56 which is proportional to the rate of crossbridge cycling. Both the calcium transient and the rate of attachment of crossbridges are probably important in increasing the rate of rise of tension, but the relative importance of each factor is not easy to evaluate without modeling the kinetics of these processes. In view of our results demonstrating an increase in the rate of crossbridge cycling during adrenergically induced inotropy, it is no longer justifiable to attribute the enhanced rate of rise of isometric twitch during adrenaline-induced inotropy solely to increased kinetics of calcium release.
The enhanced rate of relaxation is an important feature of catecholamine-induced inotropy because this feature enables the heart to complete its contraction cycle within less time. This feature has been attributed to the more rapid uptake of calcium ions by the sarcoplasmic reticulum 7 as well as to the reduced sensitivity of regulatory proteins to calcium ions 57 and is not observed during inotropy induced by digitalis. 3 However, calcium transient data of Allen and Kurihara 51 suggest that the rate of relaxation is dominated by events subsequent to the fall in intracellular calcium ion concentration (e.g., the dissociation of calcium from troponin or the detachment of crossbridges). Our data point to the enhanced rate of detachment of crossbridges as the important factor in accelerating relaxation.
We have suggested that f^ may represent the average rate of cycling of crossbridges during isometric contraction. 14 One implication of this concept is that for a cardiac muscle preparation paced at body temperature at the normal heart rate, there is only time to undergo one crossbridge cycle for most crossbridges recruited during an isometric twitch. If this is the case, then increasing the number of active crossbridges alone would not produce an enhanced rate of relaxation. The significance of the enhanced rate of crossbridge cycling during adrenaline-induced inotropy would then be to complete the crossbridge cycle within less time, bringing about a reduction of TTP tension and an abbreviated relaxation phase. Viewed from this perspective, the roles of the various biochemical effects of adrenaline on the cardiac muscle cells become clear. The enhanced calcium transient increases the rate of recruitment of crossbridges as well as increases the number of crossbridges activated. This effect, together with the increased crossbridge kinetics, increases the rate of rise of isometric tension. The activated crossbridges then undergo their one cycle, detaching more rapidly, completing the cycle in less time than during a control twitch, and thereby reducing the TTP tension as well as abbreviating the relaxation phase of the twitch. The crossbridges are prevented from undergoing another cycle by the enhanced calcium uptake and reduced sensitivity of regulatory proteins.
Independence of Phasic and Tonic Regulating Mechanisms
The observation that the cycling rate as well as the number of active crossbridges are both involved during phasic regulation of the heart brings phasic regulation in line with tonic regulation in which it is established that both determinants of contractility are deployed. However, the mechanisms for phasically changing crossbridge numbers and rates of cycling are totally distinct and independent of those for tonic regulation. In tonic regulation, the increased number of active crossbridges is achieved by an increase in tissue mass, while in phasic regulation, this is done by an increase in the level of activation by increasing cytosolic calcium. Tonically, the rate of cycling of crossbridges is altered by changing the proportion of the two cardiac myosin heavy chains associated with different kinetic properties. 10 " 12 -M -25 Although the mechanism involved in enhancing crossbridge cycling in phasic regulation is at present not well understood, it appears to be a consequence of the elevation of intracellular cAMP. 58 Since phasic and tonic mechanisms for increasing cardiac contractility are different, each mechanism may be elicited independently, producing a response with a time course appropriate to the nature of the stimulus. Thus, adrenergic mechanisms remain intact during hyperthyroidism, so that the heart in a hyperthyroid animal, already hypertrophied and having a higher crossbridge cycling rate relative to an euthyroid or hypothyroid animal by virtue of its myosin isoform, can still respond to acute stress by increasing the number of crossbridges activated and by further enhancing crossbridge cycling rate through a mechanism yet to be elucidated.
